Despite high predation pressure, planktonic copepods remain one of the most abundant groups on the planet. Their escape response provides one of most effective mechanisms to maximize evolutionary fitness. Owing to their small size (100 μm) compared with their predators (>1 mm), increasing viscosity is believed to have detrimental effects on copepods' fitness at lower temperature. Using high-speed digital holography we acquire 3D kinematics of the nauplius escape including both location and detailed appendage motion. By independently varying temperature and viscosity we demonstrate that at natural thermal extremes, contrary to conventional views, nauplii achieve equivalent escape distance while maintaining optimal velocity. Using experimental results and kinematic simulations from a resistive force theory propulsion model, we demonstrate that a shift in appendage timing creates an increase in power stroke duration relative to recovery stroke duration. This change allows the nauplius to limit losses in velocity and maintain distance during escapes at the lower bound of its natural thermal range. The shift in power stroke duration relative to recovery stroke duration is found to be regulated by the temperature dependence of swimming appendage muscle groups, not a dynamic response to viscosity change. These results show that copepod nauplii have natural adaptive mechanisms to compensate for viscosity variations with temperature but not in situations in which viscosity varies independent of temperature, such as in some phytoplankton blooms. Understanding the robustness of escapes in the wake of environmental changes such as temperature and viscosity has implications in assessing the future health of performance compensation. escape swimming | zooplankton | viscous variation | behavioral response | performance compensation A s one of the most abundant metazoans on the planet (1, 2), copepods form a vital trophic link within marine food webs. Young copepods (nauplii) are subject to high predation rates (3) and are prey for visual (4, 5) and mechanosensitive predators (3). Thus, escapes are crucial to the survival and fitness of young copepods and they exhibit strong responses to attacks from predators (6). This behavior is present immediately after hatching (7-10) and these escapes are triggered by hydrodynamic disturbances (11), detected through mechanosensory setae on the antennae (12-14).
Despite high predation pressure, planktonic copepods remain one of the most abundant groups on the planet. Their escape response provides one of most effective mechanisms to maximize evolutionary fitness. Owing to their small size (100 μm) compared with their predators (>1 mm), increasing viscosity is believed to have detrimental effects on copepods' fitness at lower temperature. Using high-speed digital holography we acquire 3D kinematics of the nauplius escape including both location and detailed appendage motion. By independently varying temperature and viscosity we demonstrate that at natural thermal extremes, contrary to conventional views, nauplii achieve equivalent escape distance while maintaining optimal velocity. Using experimental results and kinematic simulations from a resistive force theory propulsion model, we demonstrate that a shift in appendage timing creates an increase in power stroke duration relative to recovery stroke duration. This change allows the nauplius to limit losses in velocity and maintain distance during escapes at the lower bound of its natural thermal range. The shift in power stroke duration relative to recovery stroke duration is found to be regulated by the temperature dependence of swimming appendage muscle groups, not a dynamic response to viscosity change. These results show that copepod nauplii have natural adaptive mechanisms to compensate for viscosity variations with temperature but not in situations in which viscosity varies independent of temperature, such as in some phytoplankton blooms. Understanding the robustness of escapes in the wake of environmental changes such as temperature and viscosity has implications in assessing the future health of performance compensation. escape swimming | zooplankton | viscous variation | behavioral response | performance compensation A s one of the most abundant metazoans on the planet (1, 2) , copepods form a vital trophic link within marine food webs. Young copepods (nauplii) are subject to high predation rates (3) and are prey for visual (4, 5) and mechanosensitive predators (3) . Thus, escapes are crucial to the survival and fitness of young copepods and they exhibit strong responses to attacks from predators (6) . This behavior is present immediately after hatching (7) (8) (9) (10) and these escapes are triggered by hydrodynamic disturbances (11) , detected through mechanosensory setae on the antennae (12) (13) (14) .
Copepod nauplii (Fig. 1E ) can be found (15, 16) and predated upon (17) throughout the year in coastal environments. Therefore, the escape response will be subject to temperature variations from local weather (e.g., cold fronts), seasonal variations (Fig. S1) , and large-scale global patterns (e.g., climate change). Because viscosity fluctuates inversely with temperature, the impact of high viscous drag on small organisms' cruising locomotion is considered substantial in affecting swimming speeds (18) (19) (20) (21) (22) . However, the effect on escape behavior is unknown because nonescape (cruising) locomotion occurs at Reynolds number (Re) = 0.1 (for copepod nauplii) based on body length and cruising speed, and the current study shows escaping nauplii exhibit unsteady motion and their flow environment can rapidly transit to Re = 6.
Although altering viscosity will undoubtedly influence locomotion, the effect on predator and prey will not be equal. This is because larger bodies operate at a higher Reynolds number and exhibit less viscous drag than smaller bodies. Because predators (e.g., fish larvae) are often much larger (an order of magnitude or more) than the nauplii themselves, the predator will be less affected by viscosity (23) and should capture nauplii more effectively when viscosity increases. Thus, the prevailing hypothesis is that small organisms escape less effectively at colder temperatures (24) . However, field studies on copepod nauplii predation have shown no evidence that nauplii are predated upon more successfully at colder temperatures (25, 26) , suggesting an ability of nauplii to compensate for viscosity disadvantages at reduced temperature.
In this study, we separate physical and metabolic effects of nauplius escape swimming to determine the effectiveness of escape swimming at the natural thermal extremes of Acartia tonsa nauplii. Using high-speed 3D digital holography (27, 28) (Fig.  S2) , we track and quantify the unsteady 3D motion of the highspeed escape of nauplii (100 μm) and beating kinematics of each appendage. From this, we demonstrate a compensatory mechanism that allows copepods to maintain escape distance and optimize velocity, which may reduce predation mortality. Details of appendage kinematics reveal a shift in appendage timing that increases power stroke (T P ) to recovery stroke (T R ) duration, counteracting elevated viscosity at low temperature. We find this behavior to be mediated by temperature and evidence for autonomous regulation by the temperature response of the swimming muscles.
Results and Discussion
When hydrodynamically stimulated to escape, the nauplius performs a series of hops. Each hop consists of a power stroke in which pairs of appendages beat sequentially anterior to posterior and a recovery stroke in which all swimming appendages return concurrently ( Fig. 1D ). Consequently, the nauplius swims forward in an oscillatory motion ( Fig. 1 A-C) . The nauplius uses mechanisms to increase the forward propulsive force during the power stroke and reduce negative forces during recovery (e.g., sequentially beating appendages then concurrently returning appendages (Movies S1 and S2 at 30°C and 10°C, respectively).
We assessed escapes under different environmental conditions: (i) T = 30°C (high temperature, low viscosity), (ii) at 30°C with addition of methylcellulose (MC) to match the viscosity at 10°C (high temperature, high viscosity), and (iii) at 10°C (low temperature, high viscosity). Three-dimensional kinematic analysis reveals that total escape distance by nauplii (N1 stage) at elevated viscosity (30°C+MC) was significantly lower (P = 0.002) than total escape distance measured at 30°C ( Fig. 2A ). Stroke number was consistent among treatments ( Fig. 2D ) and thus the distance traveled per swimming stroke at 30°C+MC was significantly lower (P < 0.001) than at the 30°C treatment ( Fig. 2B ).
Both treatments at 30°C experience comparable metabolic effects; therefore, the expected reduction in distance of the 30°C+MC treatment can be attributable to increased drag forces experienced under the more viscous condition. Consider, however, that the 10°C condition has viscous forces equivalent to those of the 30°C+MC treatment yet escape distance was similar to distances observed in the warmer 30°C seawater and significantly longer (P < 0.001) than at 30°C+MC ( Fig. 2 A and B ), suggesting a The numbers 1-6 in A-C correspond to numbers in D. 1, the position of the appendages the moment before the power stroke commences; 2, the A2 antennae in motion during the power stroke with the A1 antennae remaining extended anterior to the body; 3, the A1 antennae in motion; 4, completion of the power stroke as all appendages have come to rest against the body; 5, all appendages being returned simultaneously to the starting position during the recovery stoke; and 6, all appendages returned to the starting position. (E) A detailed photograph of the N1 stage of A. tonsa with appendages used for swimming labeled. Scale bar = 30 μm. mechanism other than stroke number is responsible for maintaining escape distance at lower temperatures.
Swimming speeds are known to decrease with temperature in crustaceans (29) , and physiological effects of temperature on muscle function are known to reduce contraction velocity (30) , slowing the movement of appendages. The measured time for A. tonsa nauplii to complete a swimming stroke at 10°C is 16.7 ms (SD 4.4). This was significantly longer (P < 0.001) than swimming stroke durations for 30°C and 30°C+MC, which take 5.3 ms (SD 1.0) and 6.5 ms (SD 1.7), respectively. This result demonstrates that the metabolic effect of temperature, not viscous drag, is primarily responsible for controlling stroke duration (Fig. 2C ). This increase in stroke duration at low temperature results in a reduced appendage velocity and a significant drop (P < 0.001) in mean escape swimming velocity from 29.5 mm·s −1 (SD 7.0, n = 16) and 23.2 mm·s −1 (SD 6.6, n = 28) at 30°C and 30°C+MC, respectively, to 15.0 mm·s −1 (SD 5.0, n = 14) at 10°C. At 10°C, both recovery stroke duration and power stroke duration increased significantly (P < 0.001) compared with the 30°C and 30°C+MC treatments ( Fig. 3 ). However, this increase at low temperature was not proportional; the power stroke duration relative to recovery stroke duration (T P :T R ) increases significantly (P < 0.001) at 10°C, but no difference (P = 0.154) is observed between 30°C and 30°C+MC ( Fig. 3 ).
The temperature coefficient (Q 10 ) is used to describe the metabolic rate of change as a consequence of increasing the temperature by 10°C. Q 10 has been previously used to compare temperature sensitivity of various muscle groups or swimming appendages for small organisms (20, 31) . These rates typically decrease twofold every 10°C for ectotherms, leading to Q 10 values of 2-3 (32) . Therefore, values >2 suggest a greater dependence on temperature whereas values <2 suggest lower temperature dependence. However, caution must be applied when using Q 10 to investigate physical movement at low Reynolds number because the influence of changing viscosity with temperature can greatly overestimate Q 10 and thus temperature sensitivity (18, 20) . In the context of this study Q 10 gives a reasonable comparison of temperature sensitivity among physiological components of nauplius escape swimming as we control for viscosity changes. By comparing the 30°C+MC treatment with the results from 10°C, only the physiological effect of temperature is considered.
We find the escape swimming of copepod nauplii to exhibit low temperature dependence (Q 10 = 1.2). Therefore, whereas a 35% reduction in mean velocity is substantial, exhibiting a standard dependence rate (Q 10 = 2.0) would reduce swimming velocity by 75%. Thus, by exhibiting low dependence on temperature, nauplii escape more effectively. For the components involved in producing an escape, the power stroke is found to exhibit a greater Q 10 value (1.7) than the recovery stroke (1.5), suggesting muscles responsible for power strokes are more temperature-dependent than muscles responsible for recovery strokes. Therefore, as temperature decreases, it will take proportionally longer to complete a power stroke relative to a recovery stroke and T P :T R will increase.
Further investigation of appendage motion confirms a shift in appendage timing also acts to increase T P :T R . At 30°C, motion of the A1 antennae commences before the completion of the previous A2 antennae stroke ( Fig. 4 A and B) , resulting in a temporal overlap of 0.46 ms (SD 0.36, n = 40). At 10°C a delay, instead of overlap, of 0.45 ms (SD 0.93, n = 40) was measured, resulting in a significant difference (P < 0.001) in timing ( Fig. 4C ). The fact that appendages beat sequentially during the power stroke but return simultaneously during the recovery stroke ( Fig. 1D and Movie S1) suggests that changing the overlap timing of the stroke between two antennae will shift the T P :T R . These results suggest another mechanistic explanation to account for the change in T P :T R at 30°C of ∼1.5 to a T P : T R at 10°C of ∼2.0 ( Fig. 3) .
How can changing the T P :T R lead to changes in swimming performance? The answer relies on a subtle balance between propulsive force generated by the appendages and the drag force acting on the body. If the power stroke is fast, this lowers the T P : T R and increases the propulsive force, but at the same time the impulse (time that propulsive force can act on the body) is also reduced. In addition, the body will experience higher drag force. The overall result of greater drag and a shorter impulse can create a lower mean escape velocity over the beat cycle. Likewise, a power stroke that is too long (large T P :T R ) creates small propulsive force and consequently the mean velocity decreases. Therefore, an optimal T P :T R should exist for each environmental condition based on temperature (metabolic constraints of appendage motion) and viscosity (alters drag).
To qualitatively test the assertion that changing the stroke ratio (T P :T R ) of appendage motion can influence swimming performance, we use a simple swimming model (Materials and Methods) based on resistive force theory (RFT) ( Fig. 5 and Fig.  S3 ). The results of the model clearly demonstrate that by increasing T P :T R at 10°C, accomplished by the differential temperature dependence of power and recovery strokes and by altering the temporal overlap between A1 and A2 antennae during the power stroke ( Fig. 4B ), nauplii can optimize escape performance with regard to both distance and velocity. Here, the observed shift of T P :T R from ∼1.5 at 30°C to ∼2.0 at 10°C matches the overall trend of the model prediction, in which a lower T P :T R is best suited for high temperature and a larger T P : T R works best at low temperature ( Fig. 5 ). Velocity optimization shows a clear shift to a lower T P :T R when temperature is elevated ( Fig. 5 ), and although velocity is greatly reduced due to metabolic effects at low temperature, it can still be optimized within this reduced range at a greater T P :T R . Whereas the observed T P :T R (1.5) at 30°C is lower than that predicted by the model, a T P :T R of 1.5 operates near peak effectiveness with respect to velocity at high temperature (97% of the maximum possible).
The model shows that owing to metabolic changes in stroke time ( Fig. 3 ) escapes at 10°C can achieve a distance equivalent to escapes at 30°C. Using the same metabolically driven stroke timing at elevated viscosity leads to overall reduced performance ( Fig. 5B ). Whereas distance seems fully optimized at a T P :T R >2 for all cases (Fig. 5A ), velocity begins to decrease after a T P :T R of 1.8 ( Fig. 5C ) and acceleration (important for avoiding predatory strikes) decreases after a T P :T R of 1.4 to a minimum at 1.8 ( Fig. S4) . So, the observed T P :T R at 30°C may represent the most effective with respect to overall propulsive performance (distance, mean velocity, and acceleration), which is important when metabolic rates (thus predatory strikes) are faster and viscous effects are lessened. Therefore, at each end of the thermal range experienced by A. tonsa nauplii, escapes seem to occur with nearly optimal effectiveness owing to a variation in stroke mechanics.
To determine whether assumptions made by using a simplistic RFT model of nauplius swimming were appropriate for determining the effect of T P :T R on swimming performance, we also used a nonlinear propulsive model (SI Materials and Methods, Fig. S5 , and Table S1 ) and found that the trend predicted by the simple RFT model was correct. In addition, the use of nonlinear terms improved the predictability of optimal T P :T R at the highest Re condition (30°C) by 20% whereas the lower Re conditions showed little change relative to the RFT predicted values ( Fig.  S5 and Tables S2 and S3 ). Both models found good agreement with empirically measured velocities ( Fig. S6 and SI Materials and Methods, Nauplius Swimming Model). For example, at 30°C experimentally measured mean velocities were 29.5 ± 7.0 mm·s −1 compared with the RFT and nonlinear model predictions of 28.6 and 27.1 mm·s −1 , respectively. Experimentally, no difference was found in stroke mechanics or T P :T R when viscosity was elevated (equivalent to a 20°C drop) independently of temperature, yet significant differences in escape distance and velocity were observed. Model results confirm that escape performance is reduced when viscosity increases independent of temperature. This has important implications considering viscosity of seawater can naturally change independently of temperature through release of compounds during phytoplankton blooms (33) (34) (35) . The change in viscosity can be substantial, with increases of 259% observed during blooms of Phaeocystis globosa (34) . Our results suggest copepods will be most susceptible to predators under conditions such as this because the controlling mechanism in altering stroke kinematics seems to be temperature. Therefore, without alterations in temperature, elevated viscosity should favor larger raptorial predators (e.g., larval fish, chaetognaths, and adult copepods) because small swimmers at lower Reynolds number are more negatively affected by viscosity (23) . These results show that copepod nauplii have natural adaptive mechanisms to compensate for viscosity variations with temperature but not in situations in which viscosity varies independent of temperature, such as in some phytoplankton blooms.
Understanding the robustness of escapes in the wake of environmental changes such as temperature and viscosity has implications in assessing the future health of coastal ecosystems. These results represent evidence of metazoans exhibiting changes in swimming kinematics to optimize locomotory performance during temperature-induced viscosity change. Although studies have observed kinematic changes during routine swimming of small metazoans at various temperatures and viscosities (20, 36) , these did not act to offset lost propulsive performance at low temperature/high viscosity. Instead, Fumian and Batty (20) concluded that kinematic changes were a result of elevated viscosity impeding normal kinematic motion. Seurant and Vincent (35) observed changes in swimming behavior of copepods when located in natural Phaeocystis blooms (elevated viscosity) but suggested this as a mechanism to optimize foraging, not propulsion. Other organisms exhibit energetic compensation for temperature-induced viscosity change through morphological changes. In the case of jellyfish, phenotypic plasticity among juveniles is adapted to altered fluid regimes imposed by changes in ambient temperature (37) . Other studies have suggested morphological variation in exoskeleton and muscles can improve performance at elevated viscosity (38) , and the presence of spines has been suggested to aid in reducing sinking rates of plankton at low viscosity (39, 40) .
Conclusion
An unavoidable consequence of reduced temperature is slowing of neural transmission (41) and muscle contraction (30) , which results in reduced appendage velocity. We show this reduces swimming velocity in copepod nauplii but is partially offset through a modulation of swimming kinematics. By exhibiting differential temperature sensitivity (Q 10 values) and altering appendage timing during the power stroke during escape swimming, the copepod nauplius varies T P :T R , which acts to maintain escape effectiveness as temperature changes. We hypothesize that because temperature (not viscosity) controls these ratedependent processes, modulation is autonomous and continuously variable, thus providing optimal escape kinematics across shortterm or seasonal cycles. However, the results suggest that conditions in which viscosity changes independently of temperature can place small copepods, relying on rapid escape swimming, at a distinct disadvantage.
Materials and Methods
Experimental Setup. Viscosity was adjusted by dissolving methylcellulose polymer (25 cP) in filtered seawater. A Cannon-Fenske routine viscometer was used to determine the concentration of methylcellulose solution that matches the viscosity of 30°C seawater (ν = 0.85 × 10 −6 m 2 ·s −1 ) to that of 10°C seawater (ν = 1.35 × 10 −6 m 2 ·s −1 ). Methylcellulose has no effects on the metabolic rates of organisms (20, 42) . Experiments were conducted in a temperature-controlled walk-in incubator accurate to ±1°C. For each trial, twenty Acartia nauplii were transferred from the hatching beakers to an observation cuvette of 10 × 10 × 45 mm. The nauplii were allowed to acclimate for 30 min before testing, and no more than 10 escape responses are recorded per trial to reduce the probability of multiple recordings of the same animal. The hydrodynamic stimulus that emulates an approaching predator was provided by a submerged sphere (4-mm diameter) attached to a piezoelectric pusher. The stimulus controlling both the high-speed camera and piezoelectric pusher was manually activated when one or more copepod nauplii were positioned near the plastic sphere. Thirty escapes were recorded for each experimental condition.
Escape Characterization Using High-Speed Digital Holographic Cinematography. Holograms were created by illuminating the cuvette with a coherent, collimated near-IR laser beam (808-nm wavelength) from a 40-mW continuous-wave laser diode. Near-IR light was chosen to illuminate the field of view because A. tonsa exhibits low sensitivity to this wavelength (43) . Magnification was provided by a 4× objective. The resulting interference pattern was recorded at 3,000 Hz by a complimentary metal-oxide semiconductor video camera (Y4; IDT) with 1,024 × 1,024 pixel resolution. The 3D optical field is numerically reconstructed (44) at depth intervals of 15 μm over the 10-mm sample volume. Once a stack of images is reconstructed, the position of the copepod is extracted using a hybrid two-step autofocusing routine (44) . The first procedure determines the 3D coordinates of each particle using an automated segmentation procedure (27, 45) , which extracts the characteristics of each object, including particle size, 3D centroid, and intensity distribution. These characteristics are used to track the movement of the nauplius over time. To improve accuracy in locating the in-focus z plane, a second procedure relying on the sharpness of the nauplius image edge (46) is applied to planes located within ±200 μm around the estimated centroid. The sharpness is defined based on the edge of nauplius body (47) . To ensure accuracy of automatic analysis based on measured dimensions and to gain confidence in the results, all in-focus files were manually examined and any frames out of focus were manually corrected based on the measurement of object sharpness over the depth.
Data Analysis. We compared the difference in escape performance parameters of the A. tonsa nauplii among the 30°C, 10°C, and 30°C+MC treatments using a one-way ANOVA or Student's t test (when only two groups were compared). All data were log-transformed and checked for normality using a Shapiro-Wilk test. In a few cases when normality was not achieved through transformation, the nonparametric Mann-Whitney test was used to compare means between two treatment groups. No smoothing functions were applied to raw data, but figures with line graphs were plotted using a simple spline curve.
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SI Materials and Methods
Collection and Culturing. Copepods were collected using a 0.5-m diameter, 150-μm mesh plankton net in surface waters from a public pier on North Padre Island, TX (27°35′59.11′′N 97°13′ 47.97′′W). Net tows were performed after sunset when copepods were more abundant in surface waters. Contents of the net tow were diluted with seawater in a 5-L container. Copepods were gently aerated and sorted within 12 h of collection to minimize adverse effects on the animals from deteriorating water conditions. Adult Acartia tonsa females were sorted from the sample using a dissecting microscope and large-bore pipette and placed at room temperature (22°C) in filtered seawater (FSW) of 35 ppt salinity. A. tonsa females (100-200) were placed in a 153-μm mesh-bottom sieve within a 2-L glass Carolina dish to allow the negatively buoyant eggs to fall to the bottom of the container away from the adults, which could otherwise consume them. Three species of cultured phytoplankton were added as food to provide a mixed diet (Heterocapsa sp., Isochrysis sp., and Thalassiosira sp.). After 10 h eggs were collected and transferred to a 500-mL aerated beaker of FSW and placed at the experimental temperature before hatching. Several nauplii from each trial were preserved and examined to ensure they were at early developmental stages (N1-N2) before experiments commenced.
Experimental Setup and Data Collection. The escape behavior of developing A. tonsa to a hydrodynamic stimulus was tested at two temperatures that span the range that copepods experience in Texas coastal waters (Fig. S1 ), 10 and 30°C. To alter the viscosity of seawater, methylcellulose (25 cP) was added to filtered seawater. This inert polymer acts to increase the viscosity of a fluid without altering its temperature or injuring the copepods. Seawater at 30°C has a kinematic viscosity of 0.85 × 10 −6 m 2 ·s −1 , and 10°C seawater has kinematic viscosity of 1.35 × 10 −6 m 2 ·s −1 (1). We used three conditions in our study to represent each end of the thermal and viscous range found in the environment of A. tonsa: filtered seawater at 30°C, filtered seawater at 10°C, and filtered seawater at 30°C with the addition of methylcellulose (30°C+MC). All equipment used in the experiments, including pipettes and glassware used to transfer copepods to the experimental cuvette, were acclimated to the experimental temperature before experiments began so as not to alter fluid temperatures during experiments. Twenty A. tonsa nauplii (stage N1-N2) per trial were transferred from the hatching beakers into a small optical glass (low-iron) cuvette with dimensions of 10 × 10 × 45 mm. Filtered seawater was added to bring the water level to a consistent height (40 mm). The copepods were then allowed to acclimate for 30 min before testing. No more than 10 escape responses were recorded per trial so as to minimize the chance of recording the same individual multiple times.
The hydrodynamic stimulus to elicit an escape response of copepod nauplii was produced by the vertical movement, under computer control, of a small sphere (4 mm in diameter) connected by a stainless steel rod to a piezoelectric pusher, which was lowered into the chamber and situated in the middle of the water column. A signal generator provided the stimulus pulse and was synchronized to both the high-speed camera and piezoelectric pusher. Once triggered, the camera saves half the video frames from before and half from after the stimulus (Fig. S2) . The stimulus was manually activated when one or more copepod nauplii were positioned near the plastic sphere. Thirty escapes were recorded for each experimental condition. Because detailed views of escapes are only obtained after digital reconstruction (explained below), escape sequences were manually checked for completeness after reconstruction and any escape tracks that traveled out of the field of view or were hidden from view by the plastic sphere were not included in our analysis. Additionally, to avoid including rapid jumps that were not a direct result of the prescribed stimulus, if a nauplius began an escape jump >15 ms before or after the stimulus it was not included in our analysis. After the manual checks, these experiments yielded 14 escape tracks at 10°C, 16 tracks at 30°C, and 27 tracks at 30°C+MC that were used in our analysis of total escape distance, mean swimming velocity, and number of strokes per escape.
The data used for analysis were movies of time sequences of 1,024 × 1,024 images. The spatial resolution reaches 3.4 μm/pixel in both lateral directions and 10 μm in the depth (z) direction. The sample images are provided in Fig. 1D . The image analysis software developed in-house can thus detect the tip of a moving appendage with a subpixel resolution down to 0.2 pixel (i.e., 0.6 μm in both lateral directions and 5 μm in the depth). The time sequences are carefully chosen in which animals are oriented mostly dorsally (ventrally) parallel to the image plane. From this view, appendages and body are clearly visible throughout the entire strokes. The base of the appendage and the fore-aft axis of the cell body at each frame are, however, determined manually frame by frame. One can measure the angular orientation of appendage with respect to the fore-aft axis, and subsequently the angular velocity.
Nauplius Swimming Model. The purpose of developing a swimming model of a copepod nauplius is to provide a basic test of the hypothesis that our empirically observed alterations in the ratio of power to recovery stroke durations can improve escape performance under changing temperature and viscosity. To describe the hydrodynamics of an escaping copepod nauplius we use the equation of motion,
where the rate of change in nauplius linear momentum is balanced largely by the propulsive forces, F prop , generated by appendages and drag forces, F drag . The subscripts p and f denote the particle and fluid phases, respectively. Note that extra mass is added onto the original mass of the nauplius, m p , to account for the fact that an accelerating object in fluid medium must displace and accelerate the surrounding medium. This additional mass is often called the added mass. For a translating sphere, by which we model the nauplius body, the added mass is equivalent to half the mass of the medium that the sphere occupies, 1 2 m f . Note that the added mass term ( 1 2 m f ) can vary during the rapid accelerations during nauplius escape but the overall effect remains minor due to the minute size of the nauplius. Body drag. At a high Re flow region, Re = 2RU ν 1 (a nondimensional quantity indicating the importance of inertia to viscous forces), additional forces, F other , turbulence, buoyance, capillary and electrostatic, must be considered. However, for a marine organism such as nauplius escaping at the transitional Re regimes (Re ≈ 1) in a homogeneous medium, other forces vanish and only propulsive and drag forces dominate. We model the drag as follows:
where C D is the drag coefficient, R is the equivalent radius of nauplius, and U is the escaping velocity relative to the sur-rounding fluid. We use the Re-dependent drag coefficient to account for the range of the flow regimes that an escape motion covers (2, 3) :
The first term represents the Stokes drag and the last the pressure drag. The middle term shows the drag in the transitional flow regimes. Substituting the drag force into the equation of motion, we obtain
where μ is viscosity. Notice that nauplius is largely neutrally buoyant (i.e., ρ p ≈ ρ f ), so the equation of motion can be further simplified as
Propulsive force. To test the hypothesis that the copepod nauplius can use alterations in the power stroke time relative to recovery stroke time (T P :T R ) to improve the escape performance as temperature (and thus viscosity) changes, we first apply resistive force theory (RFT) (4) because of its simplicity and ready-to-use kinetics without the need to resort to complex computational fluid dynamics simulations. Although it is applicable to estimate the drag force on a moving object with arbitrary geometry, provided the proper drag coefficient is available, it must be limited to flow regime of low Re (Re << 1). In this flow regime, viscous force dominates the inertia and consequently the forces and torques on the object are in total balance. In the following, we will first focus on providing the estimation of Re associated with a beating appendage and justifications of using a linear RFT modeling approach. It will be followed by a description of a RFT propulsive model and the results. Finally, we will present a potential nonlinear model designed to correct the underperformance of the RFT model in the transitional Re flow regime.
The Re associated with a beating appendage is estimated as Re ap = U tip b ap =ν, where U tip is the tip velocity; b ap is the thickness of a beating appendage that is normal to the flow; and ν is the kinematic viscosity of the fluids. One can further relate the tip velocity to the angular velocity, ω ap , as U tip = ω ap L ap , where L ap is the length of the appendage. We obtain Re ap = ω ap L ap b ap =ν. It is observed from the detailed images of a nauplius ( Fig. 1 D and E) that a swimming appendage resembles a paddle more than a thin rod. From our holographic high-speed recording, we have also observed that a nauplius performs feathering during the power and recovery strokes. Hence, the Re based on the appendage cross-sectional thickness, b ap , and tip velocity, U tip , is expected to be different for the power and return stroke. Using the measurements of key physiological and kinematic characteristics (Table S1) , we obtain Re ap of 2.8 and 0.5 for the power and return strokes, respectively, in the case of 30°C and 0.4 and 0.08, respectively, in the case of 10°C. In the mixed experimental condition (30°C+MC), only small variations are observed in comparison to those in the case of the 30°C treatment. Note that these characteristics used in the calculations are obtained experimentally using the reconstructed in-focus holographic images of each swimming nauplius and averaged over at least ∼30 different nauplii per experimental condition. The mean measurements are provided in Table S1 with their corresponding SDs.
At high viscosity (low temperature), the flow around the appendage satisfies Stokes flow criteria (i.e., e ap 1), so an approach such as RFT may yield satisfactory results, whereas at low viscosity (high temperature), especially during the power stroke, the flow is apparently in transition (Re ap > 1Þ. Consequently, the drag and the propulsive force are expected to deviate somewhat from Stokes drag estimated by RFT. Thus, propulsive force may require additional corrections, particularly at higher temperatures. However, owing to its simplicity, the model based on RFT provides a reasonable approximation and demonstrates that by modulating the power-to-recovery-stroke ratio, the nauplius is capable of optimizing its escape velocity and distance in response to the change of the fluid viscosity.
Although the RFT model is simplistic, which is likely to lead to some inaccuracy in predicting the optimal T p =T r , the RFT model correctly predicts the trend as well as clearly elucidates the underlying mechanism: Modulating T p =T r allows nauplius to adjust the escape kinematics and subsequently escape effectively in the environment of changing viscosity with the cue of temperature alone. Furthermore, we develop an empirical Re-dependent correction to address the concerns that the RFT model underestimates the propulsive force at transitional Re (highest experimental temperature). Taking into account nonlinear terms provides a more realistic estimate of how T p =T r can optimize escape swimming performance at higher temperatures whose Re exceeds 1. It should be noted that although this more sophisticated model outperforms the RFT model, both models correctly predict the empirically measured trend that a smaller T p =T r is more suitable for high temperature (low viscosity) and a larger T p =T r optimizes performance at low temperature (high viscosity).
Because the drag coefficients for a thin rod are readily available, we model the moving appendage as a rod instead of a paddle for simplicity. The rod is rotating about the nauplius body with the angular velocity ω ap ðtÞ, which is assumed constant during each power and recovery stroke. The mean angular velocity, ω ap , is determined as ω ap = ± π=T ap , with the negative indicating the power stroke. The stroke duration, T ap , is, however, obtained directly from the holographic measurement (sample kinematics shown in Fig. 4 ) and averaged over ∼30 measurements per experimental condition. Note that although we do allow different T ap for the power and recovery strokes, the observations show that the difference is small (Fig. 4) . Hence, we only assume all strokes have the same T ap for each experimental condition (Table S1 ). The angular position of each appendage is determined as θ recovery = − π + ωt and θ power = ωt. Furthermore, we model the appendage feathering by applying different rod diameters equivalent to the cross-sectional characteristic length scale, b ap , during the power and recovery strokes (Table S1) (i.e., the appendages in simulation have a larger equivalent diameter during a power stroke than during a recovery stroke). The values used in simulations are summarized in Table S1 .
Although the appendages beat at high frequency (>100 Hz), the flow around a beating appendage remains laminar (Re ap < 10, also summarized in Table S1 ). Consequently, F p generated by appendage may still be approximated by the drag force on it. Trahan and Hussey (4) and many others have reported that the drag force on a translating thin rod can be approximated as where F denotes the drag, « is the drag coefficient,Ṽ r is mean relative velocity of fluids with respect to the rod, and L is the length of the rod. They have also shown using slender body theory (5) that at low Re the drag coefficient depends only on the aspect ratio of the rod, « = 1 ln 2L r À Á , where r is the radius of the rod. Russel et al. (6) have shown later that for a slender rigid rod the drag coefficient must also include high-order terms as F 8πμV r L = « − 0:193« 2 + 0:215« 3 + 0:97« 4 + . . . À for « < 0:275 Á :
Shown in Table S1 , only an appendage performing a recovery stroke satisfies the thin-rod approximation that overestimates the drag by 1.4%. For an appendage performing a power stroke, the thin-rod approximation may introduce larger errors. Due to complex appendage physiology, accurate drag coefficient for a nauplius appendage is not available experimentally. For simplicity, we ignore the nonlinear terms and focus on elucidating the fundamental mechanism with only the thin-rod approximation. Note that this approximation depends only on geometry but not on Re. In the following, we will present the thin-rod models using both the linear RFT and Re-dependent correction.
RFT Thin-Rod Model. Trahan and Hussey (7) and many others reported that the drag coefficient, « ⊥ , associated with the relative motion normal to the long axis of the object, V r ⊥ ; is significantly different from « k associated with the parallel relative motion, V r k . Note that velocity discussed here is the relative velocity of fluid flow with respect to the moving appendage that includes the beating of the appendage and the forward motion of the entire body, U, that is,Ṽ r =Ṽ ap −Ũ. Illucidated by Fig. S3 , the propulsive force, F prop , can be approximated as
where θ is the angular position of the appendage and F V⊥ and F V k are the drag forces normal and parallel to the elongated object. They can be obtained separately as
where « ⊥ = ½lnð4 L ap =b ap Þ −1 and γ = «⊥ « k = 1:8 ∼ 2. The drag coefficient depends only on the aspect ratio of the length, L ap , and the width, b ap , of the appendage. Note that V ⊥ and V k are the relative velocity normal and tangent to the appendage. They can be expressed based on appendage beating velocity, U ap , which is always normal to appendage, and the escape velocity, U, V ⊥ = U ap ⊥ − U ⊥ and V k = − U k . With simple algebraic operations, one can find that the propulsive force for a pair of appendages using RFT can be written as a unified expression:
For the power stroke, the ω = − π=T stroke and θ = ωt, whereas for the recovery stroke, ω = π=T stroke ; θ = − π + ωt.
The simulation results on escape distance and mean velocity with respect to varying T p =T r at 30°C, 10°C, and 30°C+MC are provided in Fig. 5 . The results clearly suggest that there is an optimal power-to-recovery ratio for each experimental condition at which the copepod nauplius can escape with maximum mean velocity and reach nominal escape distance of 1 mm. The optimal ratios are shown to be 1.8, 1.9, and 1.75 for 30°C, 10°C, and 30°C+MC, respectively, in comparison with the experimental observation of 1.5, 2, and 1.6. Good agreement is found in the situation in which viscosity is high and Re is small. Larger deviations, however, are observed in cases in which Re is greater than 1. For example, the difference between observed and model T p =T r is 5% at 10°C but 20% at 30°C. Despite the discrepancy, escape mediation mechanism to the change of fluid viscosity via T p =T r manipulation is clearly demonstrated.
Nonlinear Propulsive Model. As discussed above, thin-rod and RFT simplification lead to discrepancies in determining optimal T p =T r between simulations and experiments. To address these issues we have also developed an empirical nonlinear correction. In the correction, the drag coefficient used for estimating propulsive force contains an additional component that depends linearly on the magnitude of the flow velocity relative to the appendage,Ṽ r :
where C 1 is an empirical parameter need to be determined. Similarly, the normal and tangential drag forces are the following:
For simplicity, we assume the ratio between the normal and tangent component are the same as their linear counterpart, that is, «⊥ « k =
After simple algebraic operations, the propulsive force is
Note that one needs to determine the empirical coefficient, C 1⊥ , to close the model. To obtain the coefficient, we perform an a priori test using experimentally measured T ap and T p =T r at 30°C and manually adjust C 1⊥ so that the escape distance reaches 1 mm at the given condition. The universality of C 1⊥ is tested a posteriori by applying the same coefficient to simulations at 10°C and 30°C+MC. The simulation results are shown in Fig. S4 . We observe that the nonlinear correction seems to improve the predictions of optimal T p =T r to 1.55, 1.65, and 2 for 30°C, 10°C, and 30°C+MC, respectively. Dynamic Simulation. In this section, we briefly summarize the simulation procedure used. The simulations are performed using the following equations that govern variables such as the linear position of nauplius, X p ; angles of the first and second pair of appendages, θ 1 and θ 2 , during their power strokes; and angular location of both appendages during the recovery stroke, θ 12 . We have ignored the third pair of appendages in our model because our observations suggest that this pair is small and less effective in providing any propulsion. Note that only one angle is used in the recovery stroke. It is consistent with our observations that nauplius unites all appendages during the recovery stroke. The dynamic equations below are integrated over time with the fourth-order Runga-Kutta method:
where F p ðU; θ 1 ; θ 2 ; θ 12 Þ is a constitutive equation for propulsive forces including the drag during the recovery stroke, Gðt 0 ; TÞ is the gate function that is unity within the range ðt 0 < t < t 0 + TÞ, and t 1 ; t 2 and t 12 is the time to commence power strokes for the first and second appendage pair and the recovery stroke, respectively. The constitutive propulsion equations based on different models are given as follows.
RFT Propulsive Force.
To estimate the temperature dependence of nauplius swimming kinematics, we use Q 10 , defined as the factor by which rate increases when the temperature is raised by 10°C and given by the equation
where T is temperature in°C, R 1 is the mean velocity at 10°C, and R 2 is the mean velocity at 30°C. . Experimental setup. A trigger pulse from a signal generator stimulates a waveform generator to drive a piezoelectric transducer that vertically depresses a plastic sphere to produce a hydrodynamic disturbance. The signal generator sends a transistor-transistor logic pulse and stimulates the high-speed video camera to capture a sequence of images at 3,000 frames per second. An interference pattern produces holographic images formed by coherent laser light from a 40-mW infrared (808-nm) laser diode. Recorded escape responses of copepod nauplii are then transferred to a computer. Note: The illustration is diagrammatic (not to scale). is the drag force created by moving appendage, F U ⊥ is the drag force created by the copepod body moving forward, and F U k is the drag force relative to the motion of the appendage as it moves through seawater. The longer stroke durations at 10°C allow the nauplius to achieve an escape distance similar to that observed at the less-viscous 30°C treatment, but using the same kinematics at 30°C with elevated viscosity results in reduced performance. (B-E) Applying nonlinear terms improves the ability to determine peak performance with respect to mean escape velocity and matches more closely to empirical results than the simpler RFT model. This adds further support to the notion that altering T p :T r can indeed improve performance under changing environmental conditions. Solid lines in D and E represent the results of the RFT-based model for comparison. 
Movie S2
Movie S1. Reconstructed in-focus movie (recorded at 3,000 frames per second) showing an Acartia tonsa nauplius making an escape jump at 30°C (reduced resolution). Automatic detection and cropping of the in-focus location shows the resulting image sequence after processing. Note the sequential movement of appendages during the power stroke and simultaneous movement during the recovery stroke. The animal remains in focus despite a large z component to the swimming path by automated numerical focusing techniques.
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